SUMMARY The wall shear stress pattern was measured in a rigid plastic cast of a canine artery during steady flow by means of an electrochemical technique. The topographic distribution of shear stress is very nonuniform, with regions of high and low shear in close proximity. The steady shear stresses are highest at the leading edge of flow dividers and at the entrance regions to branch vessels. The shapes of the shear stress curves in the celiac branch are primarily a function of the ratio of branch flow to total aortic flow. However, the shapes of the shear stress curves in the adjacent anterior mesenteric branch remain the same for different anterior mesenteric branch flow ratios, although the shear increases with the branch flow ratio. An unstable pattern of flow separation and reattachment is found at the anterior mesenteric flow divider lip and remains localized to that region. A correlation is suggested between sites of high shear stress, extremes in the range of stress, and unstable stress patterns and sites at which atherosclerosis has been shown to develop.
ATHEROSCLEROSIS is a degenerative disease of the arteries characterized by proliferation of connective tissue and accumulation of lipids in the inner layers of the arterial wall immediately under the endothelial cell layer that lines the lumen. These areas of proliferation form elevated protuberances into the lumen called "plaques." Atherosclerotic plaques tend to appear preferentially in certain areas of the arterial tree, at which there are presumed to be disturbed or elevated hemodynamic forces (for example, in regions of nonuniform conduit geometries such as bends and branch points. This has led many investigators to consider the relation of local hemodynamic flow patterns to the development of atherosclerosis. The mechanism by which local blood flow may control the progression of the disease is not known. One of the most attractive hypotheses postulates that plaques represent tissue responses to an increased influx of plasma substances across a locally altered endothelial surface. Fry 1 demonstrated that the transendothelial flux increased with increasing shear stress exposure to the endothelial surface in the absence of any obvious damage to the surface. A critical yield stress resulted in structural changes which were associated with a massive influx of plasma substances, and adherence of platelets, fibrin, and white blood cells. Similarly, Caro and Nerem 2 reported that increased shear stress can result in increased rates of influx, and they showed that the shear-dependent mass transfer boundary layer was not the controlling resistance for the flux. Gutstein and Schneck, 3 Fox and Hugh, 4 and Rodkiewicz 5 postulated that local boundary layer separation or flow turbulence may be causative factors in atherogenesis.
In light of these observations, a number of investigators have made qualitative and quantitative measurements of flow patterns in simplified geometries, for example, measurements of flow characteristics through model stenoses and aneurysms 6 " 9 and flow patterns in simple Ybranches. 10 ' " Others have simulated flow through simple geometries using mathematical models. 12 
"
14 Both of these approaches have yielded useful information regarding flow patterns in simple conduit geometries. However, these geometries are only crude approximations to the normal arterial tree.
Efforts to measure in vivo velocity profiles in animal arteries by means of the hot film anemometer 15 l(i and the ultrasound pulsed doppler velocity meter 17 also have been made. Both of these in vivo methods lack sufficient resolution close to the wall for accurate measurement of either the velocity gradient or the shear stress in this critical region.
Since no single method can provide adequate measurements of the detailed topographic distribution of hemodynamic events which would form the necessary link between these hemodynamic forces and atherogenesis, and since an understanding of this relationship can only come from a synthesis of data from a broad variety of techniques, this report adds a new approach that has certain significant advantages over the foregoing techniques.
We have constructed a plastic model of an actual canine arterial tree with flush-mounted probes that are used to determine shear rate during steady flow by means of an electrochemical technique. The principal advantages of this approach are high spatial resolution and a more realistic conduit geometry than in prior models.
The Arterial Model
The model was a rigid polyester cast of an arterial tree from a normal dog anesthetized with pentobarbital (30 VOL. 41, No. 3, SEPTEMBER 1977 mg/kg, iv). It included the lower thoracic aorta, the abdominal aorta, and all of its major branches. The fabrication technique involved several casting steps. First, a rigid polyester cast of the dog's aorta was made just after it was killed by bleeding. The pressure of the liquid casting resin (Castolite) was regulated so that the arterial tree was returned to the in vivo dimensions at selected monitoring sites measured by high resolution calipers. The dog weighed about 20 kg, the middle abdominal aorta measured about 7 mm in diameter, and the length from the celiac entrance to the trifurcation was about 14 cm.
After the casting resin had hardened, the arterial tissue was removed by digestion in sodium hydroxide solution, and a mold of silicone rubber (RTV 102) was made from the cast. The mold was cut open to remove the resin cast, then cemented back together in its original position with silicone adhesive. This mold was used to make a second cast from a metal having a low melting temperature (Woods metal). The metal cast was removed and polished. The ends of the branches were lengthened with wax mandrels, and the final flow model was molded around it with clear polyester resin. A plaster half mold first was made for the dorsal side (which had no projecting branches). This was carefully trimmed so that the split between the two halves of the model would be in the plane of the axis of the artery, and so that there would be no thin edges which might break off. The resin was poured for the ventral half and allowed to harden. Then the plaster was removed, the ventral half was sprayed with a releasing compound, and the dorsal half of the mold was poured. When this had set, the halves were taken apart, and the metal cast was melted out in hot water. The model then was drilled for assembly bolts, and the fluid connector fittings for the aortic entrance and the major effluent branches were attached. Each cathode was made of 0.020-inch diameter nickle wire which was heated and pulled to a slight taper; undersize holes were drilled in both casts from the lumen side to prevent chip formation at the sites selected for measurements. The electrodes were pulled through from the lumen side until they were lodged solidly in the holes. The ends were trimmed and finished flush with the wall by polishing under a microscope. The finished surface dimensions were measured optically, and the areas were computed. A total of 75 electrodes were implanted along the dorsal and ventral halves of the model. Figure 1A shows a ventral view of a silicone rubber replica of the original artery. Figure IB shows the ventral and dorsal halves of the actual flow model.
Theory of the Electrochemical Technique
The electrochemical technique for shear rate measurement is the mass transfer analog to a hot film anemometer. It has been used successfully by Hanratty and coworkers 18 for measurement of turbulent wall shear stress fluctuations in a pipe and has been discussed by Stiles and Bischoff (65th Annual AIChE Meeting, New York, 1972) for use in arterial models. An extensive review of the electrochemical method has been given by Mizushina. 19 The method is based on a diffusion-controlled reaction of ferricyanide ion to ferrocyanide ion at a cathode, as shown by the equation:
Fe(CN) 6 " 3 + e Fe(CN) 6 " 4 .
At the anode, ferrocyanide is reconverted to ferricyanide, thereby maintaining a constant concentration of both chemical species. At the limiting voltage, 19 the rate of reaction exceeds the rate of diffusion, and the process becomes diffusion limited. Diffusion of the ferricyanide to the cathode occurs through a shear rate-dependent boundary layer at the surface of the cathode as diagrammed in Figure 2 . If the test electrode (cathode) is made quite small, the curvature of the surface in which the electrode is embedded may be neglected. For a rectangular electrode with negligible edge effects, the following boundary layer equation for mass transfer of ferricyanide ion to the cathode applies:
where c is the concentration of ferricyanide, x = the distance parallel to the cathode surface, y = distance perpendicular to the cathode surface, u = fluid velocity in the x direction, t = time, and 3) = ferricyanide diffusivity. In the case of steady flow, the equation reduces to: where q, is the bulk concentration of ferricyanide ions. The Schmidt number (v/T)) for this system is high, about 2000-2500, and so the ratio of the concentration boundary layer thickness to the momentum boundary layer thickness is small, being proportional to (i//1>)~" :l . It is then assumed that the velocity profile within the thin concentration boundary layer close to the wall is linear and can be written as:
where s is the wall shear rate that we seek to measure. 
The length averaged net flux of ferricyanide ions to the cathode, N, in this diffusion controlled reaction can be calculated from Fick's law: Equations 10 and 11 can be combined, giving a relationship between shear rate and measured current:
where L,, is the equivalent length for a circular electrode which can be expressed as
where D is the electrode diameter. Equation 12 is the working equation for calculating wall shear rate, s, from the experimentally measured current, i, in the electrode system. This electrochemical method for measuring wall shear rate was verified in our laboratory by using a test system which consisted of a straight, rigid plastic tube 1/4 inch in diameter with nickel electrodes ranging in size from 0.015 to 0.040 inches implanted in the wall. The flow of electrolyte through the tube was a fully developed laminar Poiseuille flow for which a theoretical value of wall shear rate could be calculated easily. This theoretical value was compared to the value of shear rate calculated from Equation 12 at flow rates which provided a range in Reynolds number from 100 to 1100. The average deviation between the theoretical and calculated values of shear rate was approximately ±10%. Figure 3 shows a schematic of the experimental flow system. A constant head tank supplied steady flow through the test section. Flow rate to the entrance of the model was controlled by an adjustable hosecock clamp on a section of vinyl tubing and was measured by an electromagnetic flowmeter with an extracorporeal flow probe. The flow passed through a settling chamber, then through a straight section of acrylic tubing about 50 tube diameters long, before reaching the entrance of the arterial flow model. Individual flow rates through the various branches were also controlled by adjustable hosecock clamps and monitored with electromagnetic flow probes. The cumulative flow returned to a collecting reservoir and was pumped back to the head tank. An anode was made by coiling a 2-inch length of 18-gauge nickel wire and placing it downstream of the flow model. The larger surface area of the anode relative to the cathode (300:1) assured that the measured current was limited by the reaction of ferricyanide to ferrocyanide at the cathodes in the model in which shear rate was being determined.
Experimental Methods
The test solution consisted of 0.01 M each of potassium ferricyanide [K : ,Fe(CN),i] and potassium ferrocyanide [K 4 Fe(CN) (; ] and a 1 N solution of NaOH. Ferricyanide concentration was measured by a colorimetric titration procedure. 21 The NaOH provided for an excess of electrolyte, which made it possible to neglect the transference number in Faraday's equation, to reduce ion migration due to potential gradients near the cathode, and to prolong the life of the ferricyanide solutions, which are less stable at low pH. The system was purged with N 2 gas to reduce oxidation of the test solution.
The kinematic viscosity of the solution was approximately 0.013 cm 2 /sec at room temperature (ca. 23°C). The diffusivity of the ferricyanide solution was shown 22 to vary with temperature as 1) = 2.5 x lQ- Flow rates through the model and its branches were adjusted according to physiological data of Van Citters and Franklin-1 and of Rushmer et al. 24 Experiments were performed that covered a range of values of total flow rate and branch-to-approach flow ratio to bracket the above data. The viscosity of our test solution was lower than blood viscosity at the shear rates encountered in the artery; therefore, it was necessary to scale flow rates on the basis of the Reynolds number.
Since the test solution viscosity was approximately onefourth of blood viscosity, the solution flow rate was reduced to one-fourth of normal blood flow rate in order to maintain average Reynolds numbers comparable to the in vivo situation. This implies that the wall velocity gradients measured in the model are only one-fourth of in vivo shear rates at comparable in vivo Reynolds number. Although it is well known that wall shear rate varies in proportion to total flow rate for fully developed flow in a straight tube, one cannot generalize that this will necessarily be the case for the more complex arterial conduit geometry. Nevertheless, empirical evidence from the present study showed that the shear rates measured in the model were in fact proportional to flow rate (except at certain locations manifesting flow separation phenomena). This lends credibility to the use of this simple scaling procedure for estimating in vivo shear rates from the velocity gradients measured in the model. Accordingly, since the viscosity of the test solution was only one-fourth that of blood, the predicted shear stress in vivo should be 16 times the shear stress calculated for the model.
The electrodes were cleaned thoroughly before each experiment to remove any films which might have deposited and increased the resistance to the transfer of electrons at the metal surface. With the flow established through the model, the current at each of the 75 electrodes was measured and recorded sequentially using the special ammeter circuit shown in Figure 3 . Equation 12 was used to calculate the shear rate from the measured current at each of the 75 locations in the aortic model along the ventral and dorsal sides, and the shear rate was plotted as a function of position for each set of flow conditions. Figure 4 shows general features of the ventral shear stress pattern which are characteristic of the model. The shear stress was relatively high at the leading edges of both the celiac (SI) and the anterior mesenteric (Al) flow dividers but fell abruptly in a short distance distal to these points (S2, S3, S4, and A2, A3, respectively). Also, the shear rate increased in the entrances to the celiac (C6), the anterior mesenteric (S5, S6), and the renal (R3) branches.
Results
The shear rate at the first ventral electrode (Cl) in the model deviates from that expected for fully developed flow in a uniform cylinder, as evidenced by the fact that the shear rate at Cl is higher than at C2 or C3. This difference is related to the taper of the aorta in this region which amounted to a maximum reduction in cross-sectional area of 30% at the 2-cm axial position in this particular dog (Fig. 4) . Following the mathematical analysis of Morgan and Young, 14 calculations showed that the peak wall shear stress for a constriction similar to the one in the model should be approximately 2 times as large as the wall shear in the straight, upstream approach section (approximately 100 sec" 1 at a flow rate of 500 ml/min), which is consistent with the elevated shear rate measured at electrode Cl, (and also at Dl on the dorsal side). The shear rate from C3 to C6 was influenced primarily by flow through the celiac branch and only secondarily by the aortic flow. Figure 5 illustrates the effect of varying the ratio of celiac flow to total inlet flow, ¥ c , and anterior mesenteric flow to total inlet flow, ^A M . The shear pattern in one branch was only slightly affected by the shear ratio in the other. For the celiac branch, variations in the flow ratio resulted in distinct changes in the pattern of shear distribution, whereas, for the anterior mesenteric branch, the shapes of the shear patterns were similar but the magni-VOL. 41, No. 3, SEPTEMBER 1977 tudes varied. At low celiac flow ratios (e.g., ¥ c = 0.08), the shear rate drops at the entrance to the branch and then rises at the electrode farthest inside the branch (C6). At high celiac flow ratios, the shear rate rises immediately at the entrance to the branch. The intermediate flow ratios in Figure 5 show a gradual transition between the two patterns described above. We can speculate that changes in the shapes of the velocity profiles cause the observed changes in the shear patterns in the celiac branch. The upper portion of Figure 5 shows examples, schematically, of associated changes when both flow ratios are either large or small. At low flow ratios (lower diagram), the velocity gradients are not steep on the ventral wall, since the flow proceeds predominately in the main channel. As a result, the shear at the entrance to the celiac branch drops. At positions inside the celiac branch, redeveloping velocity profiles produce a rise in shear. For the higher branch flow ratios (upper diagram), the velocity profiles become skewed toward the branches on the ventral side, resulting in steeper velocity gradients on the ventral wall near the entrance to the branch, producing higher shear rates. Although only upper and lower extremes of flow ratio are illustrated in the velocity sketches of Figure 5 , a gradual transition in the steepness of wall velocity gradients would occur at intermediate flow ratios.
Although the shape of the shear pattern in the anterior mesenteric branch does not change in a manner similar to that of the celiac branch, the shear rate magnitude does increase with increasing branch flow ratio, as shown in the lower right portion of Figure 5 . This is probably also the result of velocity profiles which are skewed toward the mesenteric wall when the flow ratio, ^A M , is high, resulting in steeper velocity gradients there. The shear rate is always highest at the leading edge of the mesenteric flow divider (near SI) and falls off abruptly with increasing distance downstream, analogous to flow over a flat plate. The shear rate increases downstream at electrodes S4, S5, and S6, which are located inside the mesenteric branch where velocity profiles are redeveloping. To our knowledge, no studies have been reported that measure the shear distribution in two adjacent branches such as exist in the aorta at this anatomical site. We do not know whether the patterns reported here are typical in such a system. The patterns presented in Figure 5 were measured at one total inlet flow rate, 500 ml/min. Additional experiments at total flow rates ranging from 300 to 700 ml/min indicated that each individual pattern at a given branch flow ratio retains the same shape but that the curves in Figure 5 are displaced up or down approximately in proportion to the total flow rate.
The aortic flow pattern immediately downstream from the anterior mesenteric orifice near electrodes Al, A2, and A3 exhibited an instability as the total flow rate through the model was changed. An example of this behavior is illustrated in Figure 6 , which shows a sample of an experimental strip-chart recording of electrode A3, and a simultaneous recording of the flow meter. As the flow is gradually increased stepwise from a low value, the shear rate (proportional to the cube of the electrode output) also increases as would be expected. A point is reached, how- ever, when further increases in flow actually result in a decrease in shear, nearly to the point of vanishing shear. With still further increases in flow rate, at a Reynolds number of about 1220 in the thoracic aorta (flow rate about 750 ml/min), local fluid turbulence eventually results, as indicated by the fluctuating signal from the electrodes. A similar behavior occurs at electrodes Al and A2. Figure 7 shows a plot of the shear rate as a function of inlet flow rate to the model for electrode positions Al, A2, and A3. In all cases, there is an initial rise in shear with increasing flow rate, and then a drop. The shear rate ultimately increases with increasing flow rate with no signs of strong fluid turbulence until the flow rate exceeds 750 ml/min, particularly at electrodes Al and A2 nearest the flow divider lip. The drop in shear is indicative of flow separation, and it appears that the aortic flow rate governs the position of the minimum shear stress (separation point) which advances downstream from electrode Al toward A3 as the flow rate increases. The flow separation and reattachment phenomenon only occurred in the region between electrodes Al and A3. The shear at A4 increased monotonically with increasing flow rate. This instability phenomenon was not observed at any other branches.
The shear rate distribution on the dorsal side of the aortic section is shown in Figure 8 . The flow model has no branches leaving from the dorsal side, and the electrodes are spaced uniformly along the dorsal wall. Compared to the ventral side, the pattern of shear on the dorsal side is smooth, and the magnitude is small. A small peak in shear is noted at electrode D4, which is opposite the celiac branch. If the flow rate through the celiac branch is increased above the value indicated for Figure 8 , the shear peak at D4 does not occur. Conversely, if the flow rate in the anterior mesenteric branch is decreased below the value indicated in Figure 8 , then a shear peak of approximately 200 sec" 1 is measured at D7 opposite the anterior mesenteric branch. If the flow rate to both branches is decreased, then shear peaks are observed at both D4 and D7. Such a condition could arise in a dog undergoing exercise if visceral flow rates were much lower than muscle flow rates. Although it is clear that the branch flow rate can affect the shear pattern on the opposite dorsal wall by changing the velocity profiles, the changes in shear rate distribution are small compared to the large spatial variations measured on the ventral side.
It also was observed that, in the region of the anterior mesenteric flow divider, the dorsal shear pattern differs from the ventral pattern as the total inlet flow rate changes. The unusual behavior that occurs at the ventral electrodes Al, A2, and A3 involving moving points of flow separation and reattachment was not observed on the opposite dorsal wall. The shear rate on the dorsal side continually increased with increasing flow rate. The intensity and magnitude of any flow disturbances that occurred near the anterior mesenteric branch was always greater on the flow divider lip than on the opposite dorsal wall. Also, preliminary experiments with pulsatile flow indicate that significant flow reversal occurs at electrodes Al, A2, and A3 but not at D7-D8 on the dorsal wall. These observations indicate that the occurrence of disturbed flow near electrode A3 is a remarkably localized phenomenon. Figure 9 illustrates the typical shear rate pattern in the left iliac section of the model on the ventral side. The schematic diagram at the top of the figure indicates the positions of the electrodes which were inserted along the inner (medial) and outer (lateral) walls of the artery, as well as down the midline. Figure 9 indicates that the shear rate increases at all circumferential locations as flow enters the iliac branch, reaches a peak shear rate just inside the entrance to the branch at about the 20-cm position, and then declines to a steady downstream value. The peak was largest on the inner wall (700/sec), moderate at the center (400/sec), and smallest on the outer wall (250/sec). The velocity profiles must redevelop in the entrance to the iliac section and are skewed in the direction of the inner wall, causing the highest shear peak on that side. This is consistent with the observations of Feuerstein et al., 25 who visualized flow in glass bifurcations.
Discussion
The work that has been presented has several limitations: steady flow was used; the model was rigid; only the major branches were modeled (e.g., the intercostal arteries were not patent); and flow rates through the individual branches could only be approximated, using values reported previously in the literature. The principal strengths of this work were that, for the first time, a realistic conduit geometry was studied, and that a very high spatial resolution was achieved; i.e., measurements were obtained precisely at the fluid-conduit interface over an extremely small surface area (the area of the electrode face). Thus, these data probably represent the closest approximation to the in vivo shear stress distribution along the arterial tree that is currently available.
The most striking feature of the data is that, even under steady flow conditions, the shear stress varies dramatically from point to point along the system. Regions of high and low shear often were found in close proximity. Unstable as well as steady shear stress patterns were observed. In most regions, the stress remained steady even at very high flows. Steady shear stress was highest on the leading edges of flow dividers and also was high around the circumference of entrance regions to branch vessels. The shear stress on the leading edges of flow dividers was typically 2 to 4 times as high as it was in the uniform portion of the parent vessel upstream from the orifice and was typically 2-to 3-fold higher in entrance regions.
The model results correspond to in vivo shear stresses of the order of 10-100 dynes/cm 2 . (The model shear stresses can be calculated by multiplying the shear rates in Figure 4 by the fluid viscosity of 0.013 poise. These model shear stresses can be converted to in vivo shear stresses by multiplying by a factor of 16, as described at the end of Experimental Methods.) The calculated in vivo stresses are below the levels that cause endothelial cell injury (ca. 400 dynes/cm 2 ), 1 -2li but it should be noted that only steady flow was studied, and the entrance conditions to the model were designed to promote a fully developed entrance flow. Both of these factors would tend to minimize the levels of stress encountered, and therefore the values presented may be considered lower limits. However, the present data can be used to indicate those areas where one might expect potentially injurious levels of stress to occur under extreme physiological conditions. For example, as noted above, the leading edges of flow dividers and the entrance regions to branches would be expected to have particularly elevated levels of stress where velocity profiles are steep or are redeveloping (C5 or C6, SI, S6, R3).
Unstable stress patterns were observed at certain sites in the model, even though turbulent flow did not occur at Reynolds numbers in the low physiological range (less than 1,500 in the thoracic aorta). These instabilities tended to remain localized to relatively discrete regions, which is characteristic of flow separation. For example, the unique behavior of flow separation and flow reversal that was noted near electrode A3 remained localized to the region of the anterior mesenteric flow divider lip and did not occur on the dorsal wall directly across the vessel from A3, nor did it spread down to A4 and A5.
In the pulsatile flow situation, these points of separation and reattachment would be expected to move alternately up-and downstream with each flow pulse. Thus, the associated areas of endothelium would be expected to experience repeated extremes of stress as the point of flow attachment swept periodically over the region with each heartbeat. These unstable regions also could be exposed to added bursts of high frequency stresses. The celiac region near electrodes C5 and C6 has been shown also to experience extremes in stress since either high or low stress occurs in this region, depending on the branch flow ratio.
It is of interest to compare the sites at which high shear stress, extremes in the ranges of stress, and unstable stress patterns occurred in the present study with the sites at which atherosclerosis has been shown to develop. Flaherty et al. 27 studied the detailed topographic distribution of atherosclerotic lesions in colonies of swine and dogs that were on an atherogenic regimen. Representative examples of these lesion patterns appear in Figure 4e of the Flaherty paper. One panel from these illustrations is redrawn and shown in Figure 10 of the present report. This figure demonstrates the typical patterns of lipid deposition that were found to occur around the celiac and the anterior mesenteric orifices. The celiac orifice is shown on the left and the anterior mesenteric on the right of this figure. Flow is from left to right. The dark areas in the photograph represent areas of lipid deposition. Note that the central portions of the lip of each of the flow dividers of these orifices tend to be spared of lipid deposition in spite of the fact that both experienced a high stress. However, this stress was stable and most probably unidirectional (electrodes SI and perhaps Al). In contrast to the above, note the severe atheromatous involvement of the surface immediately downstream from the anterior mesenteric orifice in the region of electrodes A2 and A3. These sites characteristically demonstrated unstable stress patterns probably associated with flow separation and reattachment immediately downstream. Disease is also apparent on the lesser curvature of the entrance region to the celiac artery which is in the region of electrodes C5 and C6. These sites were shown to have stress patterns that showed wide ranges of magnitude, depending on the branch flow ratio. The region near C5 and C6 could represent either high or low shear and, possibly, flow separation. Disease is also common on the lateral aspects of the flow dividers. Although the stress was not measured in these particular locations, hemodynamic considerations would suggest that these areas also would be exposed to relatively high shear stress. Unlike the central portions of the flow dividers, these patterns would not be unidirectional throughout the day, since they would necessarily acquire varying circumferential components of stress depending on the diurnal variation of flow into these two major orifices.
We conclude from the foregoing that considerable caution must be exercised in assigning any specific cause-andeffect relationship between shear stress exposure and the subsequent development of atherosclerosis. The relationship is not likely to be a simple direct one, but must take into account not only the magnitude of the stress but also the associated local morphological state of the surface, the steadiness, both of the magnitude and the direction of the stress, and the history of these variables. This is discussed in greater detail elsewhere.
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Although we are left with a number of questions regarding the relationship of hemodynamic factors to atherogenesis, we have, nevertheless, established one important fact: we have demonstrated for the first time the extraordi-narily nonuniform nature of the shear stress patterns that can occur on the walls of a realistic conduit configuration even during steady flow. The primary factor contributing to the unusual distribution of shear is the complex threedimensional nature of the arterial conduit geometry. Areas of intense or unstable stress were shown to occur at particular sites and with a general topographic distribution sufficiently similar to that of atherosclerosis as to suggest more than a random association. This insight was made possible by the high degree of temporal and spatial resolution afforded by our measurement technique. Such resolution has not yet been achieved in in vivo measurements, and, therefore, future progress in understanding the interrelationship of hemodynamic forces and atherogenesis will depend on the joint efforts of both modeling and in vivo studies.
